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Abstract: The protein adsorption plays a very important role in biotechnology, biomolecular
engineering and it is one of the main factors determining bio- and hemocompatibility of biomedical
materials in medical applications, such as blood purification and wound healing. Here we report
adsorption properties of two carbon-based materials, thermally expanded graphite (EGr) and
graphene nanoplatelets (GnP), for bovine serum albumin (BSA), the most abundant blood plasma
protein. The influence of the surface chemistry of expanded graphite on the mechanism of BSA
adsorption was studied by using EGr modified with oxygen or nitrogen functionalities. Having low
microporosity and the specific surface area in the range of 5 to 50 m2/g, the expanded graphite
exhibits high protein adsorption capacity at high equilibrium concentrations, which makes this
material a potential candidate for biomedical applications as a carrier for high molecular weight
(HMW) drug delivery or adsorption of HMW metabolites. At low equilibrium concentrations,
the effect of specific protein-surface functional groups interaction reveals the differences between
the adsorption affinity of different surface modified EGr materials to BSA. The adsorption of BSA
on GnP with a specific surface area of 286 m2/g and a developed micro-/mesoporous structure did
not follow the same mechanism as seen with EGr materials. At low equilibrium concentration of
BSA, GnP exhibits high adsorption efficiency. An important finding is that no release of nanoparticles
from expanded graphite adsorbents was observed, which makes them potentially suitable for direct
contact with blood and other tissues while very small nanoparticles were noticed in the case of
graphene nanoplatelets.
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1. Introduction
Carbon materials have been used in biomedical applications for many decades. Among the
earliest applications are the use of graphite and pyrolytic carbon for constructing artificial heart
valves [1] and activated carbon in hemoperfusion devices for the treatment of exo- and endogenous
poisonings of different etiology [2]. The use of activated carbon as an oral adsorbent can be traced back
to ancient Greece [2]. Development of novel nanostructured carbons and methods for their surface
modification expanded the choice of materials and led to the applications in biosensors, coatings for
medical devices, drug and gene delivery carriers and bioimaging [3]. Current interest to biomedical
applications of novel nanostructured carbon materials is based on their structural, mechanical, physical
and chemical properties, which are often superior to other materials [4,5]. This interest is supported by
the fact that many carbon materials have good biocompatibility and can be used in direct contact with
blood and human tissues [6]. The phenomenon of biocompatibility is very complex and its key factors
have not been fully understood yet, however it is known to be associated with the protein adsorption
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on the surface of materials exposed to the human body [6]. When the biomaterial is exposed to the
blood, it undergoes a rapid surface modification by the protein adsorption, which occurs at the earliest
stages of the biomaterial-blood contact. The adsorption of serum albumin, the most abundant blood
protein, in general is considered to play a positive, passivating role in the body response to a foreign
material [7]. Recently it was shown that the cytotoxicity of graphene oxide was greatly reduced after
its incubation with 10% fetal bovine serum, in which bovine serum albumin, BSA, is the main protein
component [8]. The protein adsorption may also play a negative role in the material performance,
for example, reducing the efficiency of hemofiltration and hemodialysis by blocking and narrowing
of the membrane pores and thus lowering its molecular cut-off limits [9]. This phenomenon is very
similar in its nature to biofouling. Uncontrolled protein adsorption may also affect the biosensor
performance [10].
Recent advances in designing nanostructured carbon materials and methods for fine tuning of their
pore structure broaden the range of carbon materials of potential interest for biomedical applications.
It was shown that finely tuned carbide-derived carbons (CDCs) can selectively remove inflammatory
cytokines from the blood [11–13]. It has also been proven that meso- and small macropores are
essential for removing middle- and high molecular weight biotoxins from the bloodstream [11–15].
In direct hemoperfusion, it is important that the carbon-based adsorbent does not activate the blood
coagulation cascade or cause platelet activation or hemolysis, which are among factors affecting
bio-/hemocompatibility of biomaterials. Despite their excellent molecular adsorption properties,
biocompatibility of activated carbons is often compromised by the release of microparticles owing to
their poor mechanical strength [16]. This problem was addressed by using semipermeable synthetic or
natural polymer coatings, which prevented nanoparticles release but decreased adsorption capacity
of the adsorbent, in particular towards middle and high molecular weight toxins [2]. However, the
development of medical grade activated carbon adsorbents allows their use in direct contact with blood
without coating or with patchy coating which does not significantly affect their adsorption capacity
towards the whole range of adsorbates [17]. The adsorption capacity of uncoated activated carbon is
therefore determined mainly by the pore size range [11–15]. Proteins can be adsorbed in the mesopores
with the width larger than 5 nm, depending on molecular size of proteins and their configurations [13].
The molecular adsorption is not selective but some selectivity towards large molecules can be achieved
by the size exclusion effect as it was shown by higher adsorption selectivity of carbon adsorbents
with small mesopores towards inflammatory cytokines, which are smaller biomolecules than most
blood proteins [11–13]. Although the molecular adsorption of undesirable substances from the human
body is the main mechanism of the therapeutic action of carbon adsorbents, the role of other factors
that may contribute to their adsorption capability and selectivity remains uncertain. The factors that
may influence protein adsorption include ionic and van-der-Waals interactions and hydrophobic
effects [18,19].
The new forms of nanostructured carbon materials such as graphene and exfoliated or expanded
graphite, EGr, have an open structure with accessible surface and no or little internal microporosity
rendering fast adsorption kinetics. However, to date there have been few publications reporting
experimental data on protein adsorption on these nanostructured carbon materials. The expanded
graphite was reported to have substantial adsorption capacity for bovine serum albumin (BSA) from
aqueous solution with a view of assessing its application as a wound dressing, in particular for
wound drainage [20]. Three-dimensional (3D) porous graphene showed high adsorption capacity
towards BSA-bound bilirubin, however the adsorption of BSA was not studied separately and it is
not therefore clear whether high adsorption capacity towards bilirubin was a result of a competition
between the graphene surface and BSA for bilirubin, or graphene adsorbed the whole bilirubin-BSA
complex [21]. Conformational changes of BSA and fibrinogen adsorbed on graphene and graphene
oxide nanoribbons were also studied [22].
In this paper, we present an assessment of the adsorption properties of expanded graphite and
graphene nanoplatelets towards bovine serum albumin as an indication of their biocompatibility.
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2. Materials and Methods
2.1. Materials
Expanded graphite (EGr) was obtained from graphite powder (Superior Graphite, Grade 2900G8,
Chicago, IL, USA) intercalated with H2SO4 (18.4 M): HNO3 (15.8 M) (5:1) followed by a thermal
shock performed according to the protocol described in [23]. First, graphite (50 g) was mixed with
concentrated H2SO4 (80 mL) and the mixture was stirred for 10 min. Then, concentrated HNO3
(16 mL) was added to the intercalated graphite and the mixture was stirred for 2 h. Afterwards,
graphite intercalated with the acids was washed with copious amounts of water to remove residual
acids. The mixture was then filtered and dried at 120 ◦C and expanded by inserting into a pre-heated
furnace at 900 ◦C for 1 min. The thermally expanded (exfoliated) graphite thus obtained was washed
with distilled water until neutral pH. The expanded volume of the acid intercalated graphite after the
thermal shock treatment was 98 cm3. The volume before treatment was 14 cm3. A portion of this sample
was subjected to an additional high-temperature treatment under Ar flow (100 mL/min) at a heating
rate of 10 ◦C/min to 900 ◦C for one hour to remove surface functional groups. The sample obtained was
referred to as EGr-H. In order to introduce acidic or basic oxygen groups [24], expanded graphite (EGr)
(5 g) was either oxidized with HNO3 (50%) or immersed in KOH (6 M) for 5 h at room temperature
and then washed with water to neutral pH. The washing of the oxidized expanded graphite caused
layer separation related to the different bed density, degree of oxidation and wettability of the material
(Figure S1). The sample was separated into a top and a bottom layer (referred to as EGr-COOH-TL
and EGr-COOH-BL respectively). The sample treated with KOH is referred to as EGr-OH.
To introduce nitrogen groups [24], EGr-COOH-TL and EGr-COOH-BL (3 g) were impregnated with
urea solution (2 g of urea in 100 mL of water) and stirred at room temperature for 24 h. The samples
were then filtered and dried at 120 ◦C and subjected to high-temperature treatment under Ar flow at
a heating rate of 10 ◦C/min to 900 ◦C for one hour (referred to as EGr-N-TL and EGr-N-BL respectively).
In order to study the effect of the lateral dimensions of graphene layers on the albumin adsorption,
the graphene nanoplatelets GnP-300 (xGnPTM, XG Sciences©, Lansing, MI, USA; referred to as GnP)
were used in this study. Particles of GnP stick together forming graphene layers of 1–5 nm in thickness
and between 1 and 2 µm in lateral dimensions [25].
A schematic, summarizing the procedure used herein to produce expanded graphite, surface
modifications and graphene nanoplatelets, is shown in Figure 1.
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Figure 1. Schematic showing the processing steps from natural graphite to the expanded graphite (EGr),
surface modifications: carboxylated (EGr-COOH), hydroxylated (EGr-OH) and aminated (EGr-N) and
graphene nanoplatelets (GnP).
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2.2. Adsorption of Bovine Serum Albumin (BSA)
BSA lyophilized powder was obtained from Fisher Scientific (≥ 99.0%, BP671-10, Hampton, NH,
USA). BSA solutions were prepared in phosphate-buffered saline, PBS (pH 7.2). Kinetic studies were
conducted with BSA solutions (1 mg/mL) at varying adsorption times (5, 10, 20, 30, 60 and 90 min) at
room temperature while shaking at 150 rpm. Prior to BSA adsorption, expanded graphite (~100 mg)
was equilibrated overnight in PBS (2.0 mL) to prevent adsorption of environmental contaminants
from the air and then the excessive liquid phase was separated by centrifugation. Afterwards, BSA
solution in PBS (5 mL) was added to 6 non-sticky vials containing the adsorbent. At 5, 10, 20, 30,
60 and 90 min time points, samples were centrifuged and the supernatant collected to record the UV
spectra. The residual protein concentration in the solution was determined from the intensity of the
UV absorbance at 278 nm (Figure S2a) using a calibration curve (Figure S2b), which confirmed that the
Beer’s law was obeyed.
The amount of BSA adsorbed was calculated from the equation:
q =
(Co − Ct) ∗V
m
(1)
where q is the amount of adsorbed BSA (mg/g), Co is the initial concentration of solute (mg/mL), Ct is
the residual concentration of solute (mg/mL) at a certain time point, V is the volume of the solution
(mL) and m is the mass of adsorbent (g).
Several models of adsorption kinetics were used to fit the experimental data: the
pseudo-first-order, the intraparticle diffusion model and the pseudo-second-order kinetic model.
Only the pseudo-second-order kinetic model fitted the adsorption kinetic data (results of curve fitting
using other models are not shown) [26]:
t
qt
=
1
k2q2e
+
1
qe
t (2)
where qe is the adsorption capacity at equilibrium (mg/g), qt is the amount of adsorbate adsorbed at
various times t (mg/g), k2 is the rate constant of the pseudo-second-order adsorption rate equation
(g mg−1·min−1).
To determine qe the adsorption isotherms were studied. Approximately 100 mg of adsorbent
was added to 5 mL of BSA solutions of different concentrations in the range of 0.025–10.0 mg/mL
(13 non-sticky vials). The experiments were run in triplicate and the error in the concentrations
determined by this procedure was within ±10%. The vials containing adsorbent and BSA solution
were shaken at ambient temperature for an hour. In separate experiments, which were run for 24
h, it was found that the residual protein concentration in solution remains the same as after 1 h
confirming that the system reached equilibrium within 1 h. All conditions for batch adsorption
experiments and the supernatant analysis for protein concentration were the same as described for
adsorption kinetics experiments.
2.3. Porosity
Sorption of nitrogen at −196 ◦C was carried out using a Quadrasorb gas sorption analyzer
(Quantachrome Instruments, Boynton Beach, FL, USA). The sample was out-gassed to constant
vacuum at 100 mTorr and 120 ◦C for 12 h prior to analysis. The specific surface area of carbon materials,
SBET was calculated from 0.05 to 0.30 relative pressure value range, p/po (the ratio of absolute pressure,
p, to the saturated vapor pressure, po), using Brunauer-Emmett-Teller equation [27]. The total pore
volume, Vt, was calculated from the last point of nitrogen adsorption isotherm at p/po = 0.99. The pore
size distribution was calculated using the manufacturer’s software SAIEUS (Norcross, GA, USA) and
two-dimensional nonlocal density functional theory, 2D-NLDFT [28].
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2.4. Surface Characterization
X-ray photoelectron spectra (XPS; VersaProbe 5000, Physical Electronics Inc., Chanhassen, MN,
USA) were taken at a pass energy of 23.50 eV, with a step size of 0.2 eV for survey and 0.025 eV for
high-resolution spectra, employing a 100 µm monochromatic Al Kα X-ray beam to irradiate the sample
surface. Emitted photoelectrons were collected using a 180◦ hemispherical electron energy analyzer.
Samples were analyzed at a 45◦ takeoff angle between the sample surface and the path to the analyzer.
High-resolution XPS spectra were analyzed using CasaXPS Version 2.3.16 RP 1.6 through peak fitting
using symmetric Gaussian-Lorentzian curves resting on a Shirley background.
3. Results and Discussion
3.1. Porosity and Surface Chemistry of Carbon-Based Materials
The cumulative pore volume vs. pore width for the initial expanded graphite (EGr) and post
heat-treatment suggest the presence of large mesopores with an average size of 30 nm (Figure 2a).
Significant differences in the porosity are seen between graphene nanoplatelets (GnP) and expanded
graphite (Figure 2a,b). Graphene nanoplatelets are a primarily mesoporous material with micropore
and mesopore volume being 0.076 and 0.408 cm3/g, respectively (Figure 2c). The mesopores
are probably formed between the stacks of graphene layers (1–5 nm in thickness and 1–2 µm
in lateral dimensions). Immersing expanded graphite (SBET = 31 m2/g and mesopore volume
0.076 cm3/g) in a strong acidic or basic environment results in a decrease of the specific surface
area to 5 m2/g and mesopore volume to 0.008 cm3/g (Figure 2c). The materials after those treatments
have a denser structure compared to the as-produced expanded graphite and can be considered
effectively nonporous.
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Figure 2. (a) Cumulative pore volume vs. pore width using Barrett-Joyner-Halenda (BJH) model; (b) 
Pore size distributions calculated using two-dimensional nonlocal density functional theory 2D-
NLDFT and (c) specific surface area (SBET) calculated using BET model and total pore volume for the 
materials studied (in logarithmic scale). 
EGr forms worm-like graphite grains with large graphite flakes (Figure 3) and there is a large 
expansion along the graphitic c-axis of the graphite during the exfoliation process, generally greater 
i r . (a) Cumulative pore volume vs. pore width using Barrett-Joyner-Halenda (BJH) model;
(b) Pore size distributions calculated using two-dime sio al nonlocal density fu ctional theory
2D-NLDFT and (c) specific surfac rea (SBET) calculated using BET model and total pore volume for
the materials studied (in logarithmic scale).
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EGr forms worm-like graphite grains with large graphite flakes (Figure 3) and there is a large
expansion along the graphitic c-axis of the graphite during the exfoliation process, generally greater
than 100 times the original [29]. TEM images showed that GnP agglomerate consisted of submicron
size particles [30] indicating that each GnP particle is formed by stacks of graphene layers.
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To understand the difference in the adsorption capacity of carbon materials with different
surface functional groups, a detailed XPS analysis of their surface chemistry was performed (Table 1).
The heat treatment of EGr did not have a significant effect on the content of oxygen. The amount
of oxygen increased after strong acid or alkali treatment. The heat-treatment with urea resulted in
the incorporation of 2.0 at % nitrogen into the aromatic rings of expanded graphite in the form of
pyridinic and pyrrole/amine/amide functionalities (Table 2). The content of oxygen in graphene
nanoplatelets was much higher (7.9 at %) than in expanded graphite (2.8 at %). This difference is likely
to be owed to the different methods of incorporating oxygen in these materials. Unlike EGr in which
oxygen-containing groups were introduced by chemical treatment as described in the Experimental
section, oxygen-containing functionalities in GnP were introduced during mechanical grinding to
generate small flakes that are 1 to 15 nanometers thick, with diameters ranging from submicrometer to
100 micrometers [25]. The C 1s core energy levels indicate that the surface chemistry of GnP is enriched
with both double-bonded (carboxylic/carbonyl) and single-bonded (phenolic/alkoxy/ether) oxygen
groups. In the EGr-COOH sample the number of carboxylic/carbonyl groups increased compared
to the initial EGr, while in the EGr-OH sample the oxygen content increased mainly in the form of
phenolic, alkoxy and ether groups. The heat treatment of the expanded graphite EGr increased the
specific surface area and pore volume EGr-H, whereas all chemical methods of treatment yielded
samples with a very low surface area and open porosity. However, N2 adsorption does not necessarily
show the true values of the parameters of the porous structure such as surface area and total pore
volume, especially for the materials with large/open pores.
Table 1. Atomic concentration of elements on the surface determined by X-ray photoelectron
spectroscopy (XPS) for the materials studied.
Sa
Atomic Conc tion (%)
O N
EGr 97.2 2.8 ND *
E r 97. 2.7 ND
EGr-C 96.1 3.9 ND
EGr-N 96.8 2.0 1.2
EGr-OH 96.3 3.7 ND
GnP 92.1 7.9 ND
* Not detected.
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Table 2. Surface concentration (atomic %) of carbon, oxygen and nitrogen species obtained by deconvolution of C 1s, O 1s and N 1s core energy levels.
Energy (eV) Bond Assignment EGr EGr-H EGr-COOH EGr-N EGr-OH GnP
C 1s
284.8 C-C (sp2, graphitic carbon) 75.3 75.8 74.3 74.6 72.6 70.7
285.5 C-N (carbon–nitrogen structures) 14.5
285.9–286.2 C-O (phenolic, alcoxy, ether) 12.4 12.3 12.1 5.2 14.5 12.2
286.9–287.0 C=O (carbonyl or quinone) 4.4 4.6 4.8 2.5 4.8 3.7
288.4 O-C=O (carboxyl or ester) 1.6 1.6 1.8 1.4 2.8
289.7–290.0 Carbonate, occluded CO, pi—electrons in aromatic ring 1.6 1.2 1.2 1.5 1.6
291.3 pi–pi transition 1.9 1.8 1.9 1.5 1.1
O 1s
531.8–532.0 O=C (in carboxyl/carbonyl) 1.5 1.5 2.4 1.1 1.6 4.1
533.2–533.5 O-C (in phenol/epoxy/ether) 1.3 1.2 1.5 0.9 2.1 3.9
N 1s
398.6 N-6 (in pyridine) 0.59
400.8 N-5 (in pyrrole/amine/amide) 0.61
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3.2. Adsorption Kinetics
The adsorption kinetics of BSA was analyzed using the pseudo-second-order adsorption model
and fitting parameters are listed in Table 3. The pseudo-second-order kinetic model described the
experimental adsorption kinetic data with good fitness (R2 > 0.99) and the calculated equilibrium
capacity is close to the experimental value obtained from the adsorption isotherm (results presented
in Section BSA adsorption isotherms). The exception is the initial adsorption kinetics on the sample
EGr-H, during which the amount of BSA adsorbed went through a maximum value around the
10th minute and then gradually decreased reaching the equilibrium by 60th minute (Figure 4a).
All surface-functionalized expanded graphene samples (EGr-COOH, EGr-OH and EGr-N) showed
higher adsorption capacity for BSA than the non-functionalized samples (EGr and EGr-H), despite the
fact that the former have much smaller surface area and pore volume than the latter. This observation
highlights the contribution of the interaction between the surface polar groups of carbon and their
counterparts in BSA molecule to the mechanism of carbon surface—protein interaction. Although
it may seem trivial but the role of polar interactions in the adsorption from liquid phase on carbon
materials is often difficult to establish because in most applications it is obscured by a large contribution
of molecular interactions particularly on highly porous carbons. It requires the use of low-porosity
carbons to reveal the influence of the surface chemistry of carbons on protein adsorption, as it was
proven in the study of cytokine adsorption in the channels of carbon nanotubes [31].
Table 3. Kinetic parameters for bovine serum albumin (BSA) adsorption from phosphate-buffered
saline (PBS) on the initial and modified expanded graphite materials (mass loading ~100 mg; initial
concentration of BSA 1 mg/mL; liquid phase volume 5 mL) and on the graphene nanoplatelets (GnP)
(mass loading ~100 mg; initial concentration of BSA 2 mg/mL; liquid phase volume 10 mL). k2 is the
rate constant of the pseudo-second-order adsorption rate equation; qe is the adsorption capacity at
equilibrium; R2 is regression coefficient.
Sample
Pseudo Second-Order
k2 (g mg−1 min−1) qe (calc.) (mg/g) R2
EGr 0.39 5.1 0.9994
EGr-H * 0.040 6.5 0.9963
EGr-COOH-BL 0.024 9.6 0.9974
EGr-COOH-TL 0.35 4.4 0.9994
EGr-N-BL 0.26 12.8 0.9998
EGr-N-TL 0.025 11.2 0.9885
EGr-OH 0.18 11.0 0.9998
GnP 0.014 76.9 0.9995
* For EGr-H the kinetic parameters were calculated using the pseudo-second-order kinetic model at equilibrium
time within 24 h.
It is also interesting to note that between the two pairs of EGr materials designated as BL
and TL, both EGr-COOH-BL and EGr-N-BL showed higher adsorption capacity for BSA than TL
samples. It probably reflects the effect of carbon hydrophilicity on BSA adsorption, as BL samples are
more hydrophilic than TL samples. The existence of the maximum on the BSA adsorption curve on
EGr-H, which has the lowest concentration of surface functional groups, deserves special attention.
This maximum is not an artefact as its value is significantly higher than the experimental error in
calculation of the amount of BSA adsorbed. In general, it is accepted that protein adsorption on solid
surface is irreversible [32]. The phenomenon of protein displacement from the surface by another larger
protein known as Vroman effect [33] is not relevant to the experimental conditions used in this study
since BSA is the only protein in solution. It is likely that the observed maximum of BSA adsorption
in the kinetic experiments in early stages reflects the conformational changes in the first layer of the
adsorbed BSA molecules, which occur slower than the initial adsorption. The initial conformation of
BSA adsorbed in the first layer might allow weak or co-operative attraction of other BSA molecules
C 2018, 4, 3 9 of 14
which ceases to exist once the BSA molecules at the surface underwent further conformational changes
thus releasing the weakly retained molecules back in solution [34,35].
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Figure 4. The kinetics of bovine serum albumin (BSA) adsorption from phosphate-buffered saline (PBS):
(a) on as-received (EGr) and heated at 900 ◦C (EGr-H); (b) carboxylated (EGr-COOH); (c) aminated
(EGr-N) and (d) hydroxylated (EGr-OH) expanded graphite samples (mass loading ~100 mg; initial
concentr tion of BSA 1 mg/mL; liquid phase volume 5 mL). Inset in Figure 4d is the crystal structure
of Bovine Serum Albumin [36]. The experimental data was fitted using the pseudo-second-order
kin tic model.
A significantly higher adsorption capacity of porous graphene nanoplatelets (surface area
286 m2/g, pore volume 0.48 cm3/g) for BSA (Figure 5) compared to the expanded graphite materials
with a smaller surface area (Figure 4) suggests that a significant proportion of pores in GnP
are accessible to BSA molecules. However, using graphene nanoplatelets directly as an oral or
hemoadsorbent or for drug delivery might be problematic due to the nanoparticle release into the body.
Although after four cycles of centrifugation (3500 rpm), no particles were observed visually, they were
clearly detectable after filtration of the GnP supernatant using a polypropylene membrane (Celgard,
pore size 0.064 µm), (insert in Figure 5). It confirms that GnP cannot be used in direct contact with
blood and other tissues without additional granulation or coating. In contrast to GnP, no nanoparticles
were found in the supernatant when expanded graphite materials were used.
The applicability of the pseudo-second order equation for the description of adsorption kinetics
usually means that the overall adsorption process is controlled by the rate of direct adsorption as
the slowest step, which can be interpreted as a specific interaction between the adsorbate and the
adsorbent surface [37,38]. Taking into account low porosity of the EGr materials with predominance
of mesopores, alternative interpretations of the applicability of this equation, such as intra-particle
diffusion controlled adsorption, are not likely to be relevant.
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3.3. BSA Adsorption Isotherms
BSA consists of 583 a ino acid residues and forms a single polypeptide chain, crystallized in
a monoclinic crystal form with two chains present in the asy etric unit. The helical content is 74%
and each has seventeen conserved disulfide bonds and a free thiol group [36]. Protein Data Bank (PDB)
number of the BSA used in our work was 3V03 [36]. It is known that negatively charged groups of
the first and second domains of the amino acid sequences of BSA (molecular mass 66.382 kDa and
molecule dimensions 14 nm× 4 nm× 4 nm) [39] are positioned inside the globules, while the positively
charged groups are located on the surface of the globule [40]. Binding of BSA to the surface groups of
expanded graphite can occur due to both hydrophobic and electrostatic interactions and the albumin
monolayer formation on the surface undergo via side-on and/or end-on orientation. The kinetic
experiments described in the previous section indirectly support this mechanism of BSA adsorption to
the carbon surface. Figure 6 shows BSA adsorption isotherms from PBS on the initial and modified
expanded graphite. The shape of BSA adsorption isotherms demonstrates the S-type adsorption
mechanism according to the Giles classification [41], which can be clearly seen at low equilibrium
concentrations of the protein (inserts in Figure 6). Assuming that the adsorbed BSA molecule occupies
a surface of 14 nm × 4 nm, the adsorbed amount of 4 mg/g carbon material corresponds to the surface
coverage of 2 m2. For EGr-COOH, EGr-N and EGr-OH materials which have very low specific surface
areas of 2–3 m2/g, it means that even at such a low equilibrium concentration of BSA in solution as
0.2–0.8 mg/mL a full coverage of the surface by BSA layer is reached. The shape of the adsorption
isotherm at higher equilibrium BSA concentrations suggests the multi-layer adsorption mechanism.
EGr and EGr-H materials show a similar trend although their specific surface area is significantly larger,
30 and 50 m2/g, respectively. At a high concentration of solute in the solution, the adsorption capacity
significantly increases indicating no saturation limit. At low equilibrium concentration, the differences
between EGr materials in their adsorption behavior towards BSA are noticeable, whereas at high
equilibrium concentrations the adsorption isotherms become very similar. Therefore, the surface
functional groups contribute to the specific short-range attraction of protein molecules forming the first
adsorption layer. At higher solute concentrations, the differences in surface chemistry between EGr
materials play no role in the formation of multilayers, which are formed by the interaction between
BSA molecules.
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Figure 6. BSA adsorption isotherms: (a) on as-received (EGr) and heated at 900 ◦C (EGr-H);
(b) carboxylated (EGr-COOH, bottom layer) and aminated (EGr-N, bottom layer); (c) hydroxylated
(EGr-OH) expanded graphite’s and (d) on the graphene nanoplatelets (as-received GnP) in the range
of concentration (0.025–10.0 mg/mL) (Inside of the Figure: BSA adsorption isotherm in the ra e f
c ce tr ti . . L). The equilibriu data as fitte si t e re lic el.
In the case of graphene nanoplatelets (Figure 6d) the shape of BSA adsorption isotherm exhibits L
“Langmuir” type suggesting the monolayer formation on the surface. The adsorption isotherm of BSA
on GnP shows a tendency to reach a plateau, while no saturation was reached for expanded graphite
materials. At 100 mg/g BSA adsorbed the surface coverage corresponds to ca. 50 m2 in a flat orientation
or about 200 m2 in the perpendicular orientation of molecules on the surface. Taking into account that
GnP has a specific surface area of 286 m2/g, the L-shape of the adsorption isotherm on GnP is not an
unreasonable interpretation of the experimental data as it may indicate the complete monolayer coverage
at high equilibrium concentrations of BSA. Graphene nanoplatelets exhibit the highest affinity for BSA
adsorption at low equilibrium concentrations; GnP has well-developed mesoporosity (0.408 cm3/g)
with an average pore size in the range of 3–15 nm. Comparing the pore size with the size of BSA
molecule (14 nm × 4 nm × 4 nm) [39] suggests that there is low steric hindrance for BSA adsorption
which explains the high adsorption capacity of GnP (Figure 6d) and fast adsorption kinetics (Figure 5).
The equilibrium data was fitted using the Freundlich model [42], an empirical isotherm that can
be used for non-ideal adsorption that involves heterogeneous sorption with a non-uniform population
of adsorption sites. The fitting parameters of BSA adsorption isotherms presented in Table 4 show
that KF relates to the multilayer adsorption capacity and n represents the heterogeneity of the site
energies. The results support the multilayer mechanism of BSA adsorption. For the homogeneous
surface of expanded graphite n is close to 1. It is notable that both Freundlich and Langmuir-Freundlich
adsorption models led to about the same n value. Using Langmuir-Freundlich equation gives an
estimation of the maximum BSA adsorption capacities, which are very high on expanded graphite
materials, in the range of 9–22 grams of BSA per gram of adsorbent.
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Table 4. Fitting parameters of BSA adsorption isotherms to Langmuir-Freundlich and Freundlich
equations. The allowable error of the fitting parameters was 1%. qo is the maximum adsorption of
BSA per gram of the adsorbent, K is the equilibrium constant, n represents the heterogeneity of the site
energies and R2 is regression coefficient.
Sample
Langmuir-Freundlich Isotherm Constants Freundlich Isotherm Constants
qo (gBSA/g) K (L/mg) n R2 KF [(mg/g)(L/mg)1/n] n R2
EGr 9.3 0.0045 1.42 0.9909 4.3 1.42 0.9909
EGr-H 11.0 0.0035 1.36 0.9745 5.1 1.36 0.9744
EGr-COOH-BL 8.7 0.0013 1.01 0.9762 10.4 1.00 0.9761
EGr-N-BL 12.6 0.0015 1.11 0.9975 9.3 1.10 0.9975
EGr-OH 22.2 0.0036 1.47 0.9876 5.5 1.47 0.9877
GnP 1.3 1.75 × 10−5 0.23 0.9243 96.4 0.21 0.9252
4. Conclusions
We have investigated the adsorption of BSA on “flat” expanded graphite surfaces with different
surface chemistry and porous textures. The data obtained show that the protein layers’ formation
correlates well with the hydrophobic nature of expanded graphite resulting in effective adsorption
of hydrophobic segments of BSA. Expanded graphite’s “accordion-like” texture consisting of large
graphite flakes facilitates adsorption of large amount of protein which reveals their potential as
large molecular weight drug delivery carriers and high protein fouling resistance if they are used as
membranes. At low equilibrium concentration of BSA functionalized expanded graphite surfaces
adsorbed protein via electrostatic interactions, which play an important role in protein adsorption
phenomena. Incorporation of -O or -N functional groups results in more specific attraction of protein
molecules to the surface and improved materials adsorption capacity owing to the formation of
binding sites for BSA. The protein adsorption mechanism includes protein-surface interactions of
various strength; strong, weak or co-operative adsorption of BSA molecules on the surface which
depends on the surface chemistry. The results presented in this study support the importance of
mesopores with the dimensions capable of accommodating large proteinaceous molecules. This study
shows evidence of protein adsorption dependence on the textural parameters of expanded graphite at
both low and high equilibrium concentrations. The BSA adsorption equilibrium on EGr materials is
reached very fast, within 5 to 60 min. At low equilibrium protein concentration, the surface chemistry
plays an important role in BSA adsorption. In terms of practical applications in medicine, the fast
adsorption kinetics of BSA by EGr materials indicates their good biocompatibility with blood and
their ability to adsorb large molecules, which could be beneficial in the treatment of wounds and other
inflammatory conditions, when the removal of pro-inflammatory cytokines, which are proteins with
molecular weight between 5 and 51 kDa, is important.
Supplementary Materials: The supporting material is available online at http://www.mdpi.com/2311-5629/4/
1/3/s1. It includes UV-visible absorption spectra and calibration curve of BSA and N 1s core energy levels for
aminated (EGr-N) sample.
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